Lactobacillus brevis takes up glucose and the nonmetabolizable glucose analog 2-deoxyglucose (2DG), as well as lactose and the nonmetabolizable lactose analoge thiomethyl I-galactoside (TMG), via proton symport. Our earlier studies showed that TMG, previously accumulated in L. brevis cells via the lactose:H+ symporter, rapidly efiluxes from L. brevis cells or vesicles upon addition of glucose and that glucose inhibits further accumulation of TMG. This regulation was shown to be mediated by a metabolite-activated protein kinase that phosphorylates serine 46 in the HPr protein. We have now analyzed the regulation of 2DG uptake and efflux and compared it with that of TMG. Uptake of 2DG was dependent on an energy source, effectively provided by intravesicular ATP or by extravesicular arginine which provides ATP via an ATP-generating system involving the arginine deiminase pathway. 2DG uptake into these vesicles was not inhibited, and preaccumulated 2DG did not efflux from them upon electroporation of fructose 1,6-diphosphate or gluconate 6-phosphate into the vesicles. Intravesicular but not extravesicular wild-type or H15A mutant HPr of BaciUlus subtilis promoted inhibition (53 and 46%, respectively) of the permease in the presence of these metabolites. Counterflow experiments indicated that inhibition of 2DG uptake is due to the partial uncoupling of proton symport from sugar transport. Intravesicular S46A mutant HPr could not promote regulation of glucose permease activity when electroporated into the vesicles with or without the phosphorylated metabolites, but the S46D mutant protein promoted regulation, even in the absence of a metabolite. The Vmax but not the Km values for both TMG and 2DG uptake were affected. Uptake of the natural, metabolizable substrates of the lactose, glucose, mannose, and ribose permeases was inhibited by wild-type HPr in the presence of fructose 1,6-diphosphate or by S46D mutant HPr. These results establish that HPr serine phosphorylation by the ATP-dependent, metabolite-activated HPr kinase regulates glucose and lactose permease activities in L. brevis and suggest that other permeases may also be subject to this mode of regulation.
Many but not all low-GC gram-positive bacteria possess the phosphoenolpyruvate:sugar phosphotransferase system (PTS) that catalyzes the concomitant uptake and phosphorylation of its sugar substrates. The PTS-catalyzed process requires the sequential phosphorylation of four proteins or protein domains, enzyme I, HPr, IlAsugar and IIBsusgar, before sugar phosphorylation and concomitant transport can occur (8, 20) . The PTS proteins function in numerous biochemical and genetic regulatory capacities (17) (18) (19) 21) . In early studies, it was shown that addition of a rapidly metabolizable sugar such as glucose to streptococci, lactococci, or lactobacilli resulted in inhibition of the uptake of other sugars (inducer exclusion) as well as rapid efflux of preaccumulated sugars or sugar metabolites (inducer expulsion). For example, lactose and its nonmetabolizable analog thiomethyl ,B-galactoside (TMG) were taken up via the PTS in streptococci and lactococci but via H+ symport in lactobacilli, and uptake in all three organisms was inhibited by glucose (10, 11, 16, 23) .
These in vivo studies led to the search for and discovery of an ATP-dependent, metabolite-activated HPr kinase and an HPr(serine)phosphate [HPr(Ser-P)] phosphatase that reversibly phosphorylate and dephosphorylate HPr (1) . The kinase was shown to phosphorylate serine 46 in HPr and to be present in a wide variety of low-GC gram-positive bacteria, including some that apparently lack a complete PTS (2, 16; (16) . With arginine as an energy source, TMG and 2DG were rapidly accumulated against substantial concentration gradients; when glucose was present during the uptake experiment, accumulation was blocked ( Fig. 1A and C) .
When TMG or 2DG was preaccumulated in the cytoplasm with arginine as the energy source and glucose was subsequently added, rapid efflux was observed ( Fig. 1B and D) . The rate of glucose-induced efflux of 2DG was comparable to that of TMG efflux even though the concentration of 2DG used in this experiment was higher than that of TMG. The results are consistent with the conclusion that glucose metabolites regulate both the glucose and lactose permeases by similar mechanisms.
Regulation of 2DG accumulation in L. brevis membrane vesicles. Vesicles prepared from L. brevis cells as described in Materials and Methods accumulated 2DG in the presence of arginine to an extent approaching that observed with intact cells (Table 1 ; Fig. 2A ). By using an ion-exchange resin (4), the accumulated radioactivity was shown to be free 2DG to an extent greater than 90%. Less than 10% was 2DG-6-phosphate (data not shown). As (Table 1) . While FDP was more effective than gluconate-6-P (which was more effective than 2-phosphoglycerate [glycerate-2-P]; see below), wild-type and H1SA HPr were about equally effective in promoting metabolite-activated inhibition of 2DG uptake ( Table 1) . Electroporation of S46A HPr into the vesicles was not effective in promoting 2DG uptake inhibition by intravesicular FDP, but S46D HPr inhibited even in the absence of an intravesicular metabolite (Table  1) . These results are qualitatively similar to those reported previously for the lactose:H+ permease of L. brevis with TMG as the substrate (25) . Figure 2 presents time courses for 2DG uptake into and efflux from vesicles which had been electroporated in the presence or absence of wild-type B. subtilis HPr and/or FDP. In the absence of electroporated HPr, FDP neither inhibited uptake nor stimulated efflux appreciably ( Fig. 2A and B ). However, with wild-type HPr present in the vesicles, intravesicular FDP strongly inhibited 2DG uptake while stimulating efflux of preaccumulated 2DG ( Fig. 2C and D) . portrays the results of experiments in which intravesicular wild-type B. subtilis HPr was replaced with mutant forms of HPr in which the seryl residue target of ATP-dependent kinase-catalyzed phosphorylation was replaced with a neutral alanyl residue (S46A; Fig. 3A and B) or with the negatively charged aspartyl residue (S46D; Fig. 3C and D). In the former case, 2DG uptake occurred to the extent comparable to that observed with the wild-type HPr, and an insignificant degree of inhibition was observed when FDP was electroporated into the vesicles (Fig. 3A) . FDP could not promote 2DG expulsion in these vesicles (Fig. 3B) . By contrast, when S46D HPr was used, uptake of 2DG was greatly reduced regardless of the presence of FDP (Fig. 2C) . Moreover, 2DG-preloaded vesicles containing S46D HPr rapidly lost most of the radioactive sugar, even in the absence of FDP (Fig. 3D ). These results are qualitatively similar to those obtained with TMG (25) and are consistent with the observation that the S46D mutation renders HPr conformationally similar to seryl-phosphorylated HPr, as has been revealed by multidimensional nuclear magnetic resonance studies (24) . S46D (but not S46A) HPr also behaves like seryl-phosphorylated HPr in in vitro PTS enzyme assays (14, 15) . Metabolites that influence intravesicular 2DG accumulation. studied. The HPr(Ser) kinase is known to be activated by three metabolites in vitro, FDP, gluconate-6-P, and glycerate-2-P (9). Inhibition of TMG and 2DG accumulation was observed when any one of these three compounds was electroporated into the vesicles. Inhibition of 2DG accumulation was substantially less than the inhibition of TMG accumulation, possibly in part because of the higher sugar concentration used in the 2DG studies (see Fig. 5 ). 2DG uptake was consistently inhibited most strongly with FDP, less so with gluconate-6-P, and least with glycerate-2-P. Other metabolites, including glucose-6-P, fructose-6-P, and mannose-6-P, were much less effective in inhibiting uptake of radioactive TMG or 2DG. Interestingly, when 25 mM Mg2+ was electroporated into the vesicles, about 30% inhibition was observed with respect to both TMG and 2DG uptakes (data not shown). This effect may be due to activation of the HPr(Ser) kinase, which is dependent on Mg2+ for activity in vitro (9) .
Regulation of the uptake of metabolizable sugars. The studies reported above and previously (25) used nonmetabolizable sugar analogs in order to facilitate interpretation of the results. Lactose uptake was more strongly inhibited under the same conditions, in agreement with the fact that TMG uptake is more strongly inhibited than is 2DG uptake (Table 3) . Finally, examination of ["4C]ribose uptake, which occurs in L. brevis via an independent, ribose-inducible transport system (unpublished observations), was also inhibited ( Table 3 ). The results suggest that metabolite-inhibited uptake of sugars via at least three permeases, and perhaps many more, is apparently mediated by seryl phosphorylation of HPr.
Evidence that HPr(Ser-P) promotes 2DG:2DG counterflow. The results summarized in Figure 4A provide evidence consistent with the conclusion that HPr(Ser-P) in vesicles results in the partial uncoupling of 2DG transport from H+ transport. In the experiments shown, vesicles were preloaded with nonradioactive 2DG and then diluted 20-fold into buffer containing [14C]2DG with or without intravesicular FDP. In both experiments, HPr had been electroporated into the vesicles. In both cases, [14C]2DG was rapidly accumulated, but only in the presence of intravesicular HPr and FDP was uptake followed by appreciable effiux. CCCP similarly allowed rapid uptake followed by efflux. In this case, the final basal level of 2DG remaining in the cells at equilibrium (t = >8 min) was lower than that observed in the presence of HPr and FDP (Fig. 4A) .
The initial rate of [14C]2DG uptake was shown to be independent of intravesicular FDP (Fig. 4B) . The behavior observed in the presence of either HPr and FDP or CCCP is characteristic of counterflow and suggests that the permease normally catalyzes obligatory 2DG:H+ symport, but that HPr(Ser-P) uncouples sugar uptake from H+ transport. Since appreciable (although slight) accumulation of 2DG, above the level observed in the presence of excess CCCP, was observed in the presence of HPr and FDP, 2DG and H+ transport may not be fully uncoupled (see reference 25 for comparison with results obtained for the lactose:H+ symporter).
The conclusion that 2DG transport is not fully uncoupled from H+ symport by HPr(Ser-P) under the conditions used in Fig. 4 was supported by studies in which the accumulation level was examined as a function of the external [14C]2DG concentration, in the presence of either excess HPr and FDP or excess CCCP (Fig. 5) . Regardless of the sugar concentration used, accumulation of the radioactive sugar was greater in the presence of HPr and FDP than in the presence of CCCP. As expected, the [14C]2DG accumulation ratio observed when the experiment was conducted without versus with either HPr and FDP or CCCP was greatest when the external sugar concentrations were low.
Kinetic analysis of the inhibition of TMG and 2DG uptake. The cell and vesicle systems were used to measure the kinetic parameters for TMG or 2DG uptake under conditions of glucose-promoted or FDP-promoted inhibition, respectively (Fig. 6) . In intact L. brevis cells, glucose (Fig. 6A) depressed the maximal velocity (Vmax) of TMG uptake without altering the Km. When HPr (50 ,uM) was electroporated into vesicles derived from these same cells and these vesicles were used for TMG uptake measurements with and without glucose, the double-reciprocal plot revealed that glucose again decreased only the Vmax value without altering the Km (Fig. 6B) . Finally, when 2DG uptake was examined in vesicles containing HPr plus FDP, the intravesicular metabolite also depressed the (Fig. 6C) . It is relevant that inhibition of carbohydrate uptake via the IIAGIc-mediated regulatory mechanism controlling permease activities in enteric bacteria also depresses the Vm. value without affecting the Km (18, 22) . DISCUSSION In earlier studies, we provided direct evidence that serine phosphorylation of HPr by an ATP-dependent, metaboliteactivated protein kinase regulates TMG uptake and efflux via the PTS in Lactococcus lactis as well as via the lactose:H+ symporter in L. brevis (25, 26) . In both cases, inhibition of sugar uptake may be equated to the important physiological phenomenon of inducer exclusion, while stimulation of efflux may be equated to the equally important phenomenon of inducer expulsion (see the introduction). However, the applicability of this regulatory mechanism to other transport systems and its physiological relevance prior to the present report were not known.
In this study, we used vesicles of L. brevis to allow examination of the role of HPr serine phosphorylation in the regulation of 2DG:H+ symport, catalyzed by the glucose permease of this organism. In doing so, we have followed up earlier work of Romano et al. (16) showing that in vivo, the glucose permease of this organism probably functions by sugar:H+ symport and that glucokinase activity observed with 2DG as the substrate is negligible following growth of these cells in medium containing galactose as the carbon source. It was not known, however, if this transport system exhibits the phenomenon of metabolitepromoted inducer exclusion or expulsion.
The experiments reported here provide strong evidence for the supposition that metabolite-activated HPr kinase-catalyzed phosphorylation of serine 46 in HPr of L. brevis regulates the activity of the glucose:H+ symporter by a mechanism analogous to that previously established for the lactose permease of this organism. The evidence is as follows. (i) Uptake of 2DG is dependent on an energy source (arginine as an ATP-generating system or intravesicular ATP) but not on the small (16) . (ix) Finally, regulation depresses the maximal velocity of 2DG uptake as well as the maximal extent of 2DG accumulation without altering the Km when 2DG uptake (rather than exchange or counterflow) is studied. The same is true of the lactose:H+ symporter of this organism.
These results, taken together, argue strongly for a direct allosteric mechanism whereby HPr(Ser-P) binds to both the lactose:H+ symporter (25) and the glucose:H+ symporter of L.
brevis. It is possible that this mechanism is also applicable to other carbohydrate permeases such as the ribose permease of L. brevis (Table 3) . It is worthy of note that a comparable mechanism occurs in E. coli, except that the inhibitory species is the free form of the glucose-specific enzyme IIA of the PTS (18, 22) . In this case, the enzyme I-catalyzed phosphorylation of enzyme IIAGiC on histidine prevents binding to the target permeases and consequent inhibition of inducer uptake (21) .
Several observations reported in this report are likely to prove to be of physiological importance. First, uptake of metabolizable as well as nonmetabolizable sugars is apparently inhibited by seryl phosphorylation of HPr. Second, relative rates of uptake for different sugars may be differentially regulated by partially uncoupling one system from proton symport more than another system, as suggested by the results presented in Fig. 4 and 5 . Third, the fact that glucose uptake is inhibited suggests that the function of HPr(Ser) phosphorylation is not merely to create a hierarchy of preferred sugars with glucose at the top. Metabolite activation of the kinase may serve more generally as a feedback mechanism to control the entry of carbohydrates into the cell, even for the dominant glucose permease. Finally, the fact that ribose uptake into vesicles is also inhibited by HPr(Ser-P) clearly suggests that the mechanism is applicable to permeases other than the only two well-characterized permeases in L. brevis, those specific for glucose and lactose (16) . Possibly permeases specific for carbon sources other than sugars (i.e., polyols, fatty acids, amino acids, etc.) will also be regulated by this mechanism. Further studies will be required to define the range of permeases that have evolved sensitivity to HPr(Ser-P) inhibition.
